] i oscillations, which are built up by repetitive increments, the Ca 2+ steps, during the rise phase and the plateau phase of an oscillation. The plateau is followed by an exponential decline to baseline [Ca 2+ ] i (1-3). Simultaneous Ca 2+ imaging and recording of the electrical activity showed that the Ca 2+ oscillations are coupled to action potential bursting (3).
oscillations are built up by discrete increments in the intracellular Ca 2+ concentration, the Ca 2+ steps, which are generated by electrical membrane bursting firing activity. It has been demonstrated that the patterns of Ca 2+ oscillations and kinetics of the Ca 2+ steps can be modulated by changing the degree of intracellular Ca 2+ buffering. We hypothesized that neurotransmitters known to regulate a-MSH secretion also modulate the pattern of Ca 2+ oscillations and related electrical membrane activity. In this study, we tested this hypothesis for the secretagogue sauvagine. Using high temporal-resolution Ca 2+ imaging, we show that sauvagine modulated the pattern of Ca 2+ signalling by increasing the frequency of Ca 2+ oscillations and inducing a broadening of the oscillations through its effect on various Ca 2+ step parameters. Second, we demonstrate that sauvagine caused a small but significant decrease in K + currents measured in the whole-cell voltage-clamp, whereas Ca 2+ currents remained unchanged. Third, in the cell-attached patch-clamp mode, a stimulatory effect of sauvagine on action current firing was observed. Moreover, sauvagine changed the shape of individual action currents. These results support the hypothesis that the secretagogue sauvagine stimulates the frequency of Ca 2+ oscillations in Xenopus melanotropes by altering Ca 2+ step parameters, an action that likely is evoked by an inhibition of K + currents.
In the process of cell signalling, second messengers play an important role in transducing signals from first messenger molecules, such as growth factors, neurotransmitters and hormones, into cell physiological responses like protein synthesis, secretion and contraction. For secretory cells, modulation by first messengers of the intracellular Ca ] i oscillations, which are built up by repetitive increments, the Ca 2+ steps, during the rise phase and the plateau phase of an oscillation. The plateau is followed by an exponential decline to baseline [Ca 2+ ] i (1) (2) (3) . Simultaneous Ca 2+ imaging and recording of the electrical activity showed that the Ca 2+ oscillations are coupled to action potential bursting (3) .
The Ca 2+ oscillations in Xenopus melanotropes are thought to drive the secretory activity of the cell (4, 5) . The melanotrope cell plays a key role in the process of adaptation of skin colour to background light intensity of the toads, because they release alpha-melanophore-stimulating hormone (a-MSH) (6 -9) . a-MSH secretion is a strongly regulated process, which involves the action of several neural messengers, including stimulation by sauvagine, thyrotropinreleasing hormone, acetylcholine, noradrenaline, serotonin and brain-derived-neurotrophic factor and inhibition by dopamine, neuropeptide Y and c-aminobutyric acid. Secretostimulators have been found to increase the frequency of oscillations whereas secreto-inhibitors eliminate the oscillations (4, 5, 10, 11) .
We have recently shown experimentally that buffering the [Ca 2+ ] i changes the shape, frequency and amplitude of Ca 2+ oscillations in Xenopus melanotropes and that the changes in the pattern of Ca 2+ signalling are reflected by changes in the secretory activity of these cells (12) . Until now, it was unclear whether a-MSH regulatory messengers modulate the pattern of Ca 2+ oscillations and whether such a modulation would be reflected in the electrical membrane activity. Thus, the purpose of the present study was to test our hypothesis that regulators of a-MSH secretion modulate the pattern of Ca 2+ oscillations and electrical membrane activity. To test this hypothesis, we examined the action of the melanotrope secretagogue sauvagine, which is a homologue of mammalian corticotropin-releasing hormone (CRH). In many cell types, CRH activates the adenylyl cyclase/cyclic-AMP pathway through either the CRH receptor I or II, thereby activating protein kinase A (PKA), although in some cell types involvement of protein kinase C and InsP3 has been suggested (13) (14) (15) (16) (17) . In Xenopus melanotropes, sauvagine works exclusively through the adenylyl cyclasecAMP pathway, although the receptor subtype through which it works is presently unknown. Upon receptor activation, the frequency of Ca 2+ oscillations increases and hormone secretion and proopiomelanocortin biosynthesis is stimulated (18) (19) (20) (21) (22) (23) . In the present study, it is shown that sauvagine not only increases the frequency of Ca 2+ oscillations, but also modulates their shape and affects the properties of the action currents. Sauvagine likely acts by inhibition of K + channels.
Materials and methods

Melanotrope cell cultures
Young-adult Xenopus laevis, bred in our department according to standard procedures, were adapted to a black background under continuous illumination, at 22 uC for 3 weeks prior to the experiments. They were fed weekly with beef heart. All experiments were carried out under the guidelines of the Dutch law concerning animal welfare. Animals were anaesthetized in water containing 1% MS222 and 1.5 g/l NaHCO 3 . To remove blood cells, animals were perfused with Xenopus Ringer's solution (112 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 15 mM HEPES, 0.001% ascorbic acid, 10 mMD-glucose, pH 7.4 adjusted with NaOH) containing 1% MS222. After decapitation, neurointermediate lobes of the pituitary gland were dissected and rinsed four times in XL L15 culture medium consisting of 76% L15 medium (Life Technologies Inc., Rockville, MD, USA), 1% kanamycin solution (Life Technologies), 1% antibiotic/antimyotic solution (Life Technologies), 2 mM CaCl 2 , and 10 mM glucose (pH 7.4). After an incubation period of 45 min in Ringer's solution without CaCl 2 but containing 0.25% trypsin (Life Technologies), lobes were dissociated by gentle trituration with a siliconized Pasteur's pipette. The resulting cell suspension was filtered and centrifuged for 10 min at 500 r.p.m. The pellet was resuspended in XL L15 culture medium (100 ml/lobe equivalent) and cells were plated at a round glass coverslip for Ca 2+ imaging studies, or at the centre of a plastic Petridish (Nunc, Roskilde, Denmark) for patch-clamp experiments, both coated with poly L-lysine (M w >300 kDa, Sigma, Steinheim, Germany) at a density of approximately 10 000 cells/dish. After the cells had been allowed to attach for 1 h, 2 ml XL L15 culture medium containing 10% fetal bovine serum was added to each dish. The cells were cultured for 3 days at 22 uC in a humidified atmosphere before experimental use.
Intracellular calcium measurements
Coverslips were placed in a Leiden chamber (24) and cells were loaded with either indo-1/AM (5 mM) or fura-2/AM (2 mM) for 25 min after exchanging the XL L15 culture medium with a loading solution that consisted of Xenopus Ringer's solution (112 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 15 mM HEPES, 10 mM glucose, 3% bovine serum albumin, pH 7.4 adjusted with NaOH) containing the fluorescent dye and 0.025% Pluronic F127. Subsequently, cells were washed twice with Ringer's solution and incubated for 15 min.
Indo-1 experiments
The Leiden chamber was placed on a NIKON diaphot inverted microscope (Nikon, Tokyo, Japan), using a NIKON r40 water-immersion, 1.2 NA fluor objective lens, attached to an OZ confocal laser scanning microscope (Noran Instruments, Middleton, WI, USA). Excitation of indo-1 (at 351 nm) was provided by a high power Argon-ion laser (Coherent Enterprise, Santa Clara, CA, USA) and indo-1 fluorescence emission was monitored at 405 nm and 485 nm after separation with a 455-nm DCLP dichroic mirror, using a slid-width of 100 mm (25) . Images (512r480 pixels) were collected at 30 Hz and a pixel dwell time of 100 ns. Ratio images (F405/F485) were calculated using the Intervision 2D software package (Noran Instruments).
Fura-2 experiments
The Leiden chamber was placed on a Zeiss Axiovert 135 TV (Zeiss, Oberkochen, Germany), using a Zeiss r40 oil-immersion, 1.3 NA fluor objective lens, attached to a Coolsnap fx monochrome digital camera (Roper Scientific, Tucson, AZ, USA). Excitation wavelengths of 340 nm and 380 nm were provided by a 150-W Xenon lamp (Ushio UXL S150 MO, Ushio, Tokyo, Japan) that was mounted in a Till Photonics Polychrome IV monochromator (spectral range 320-680 nm, band width 8-15 nm; Martinsried, Germany) and led into the microscope through an optical fibre. Fura-2 fluorescence emission was monitored at 515 nm, using a 440-nm DCLP dichroic mirror in front of the camera. Image acquisition and computation of ratio images (F340/F380) was operated through Metafluor v.4.5 (Universal Imaging Corporation, Downingtown, PA, USA). Camera acquisition time was 50 ms. To obtain a maximal image acquisition speed of 1.5 Hz, a camera pixel binning of 4r4 pixels was performed, leading to final images of 325r257 pixels. Different concentrations of sauvagine (Bachem, Bubendorf, Switzerland) were applied to the cells using a peristaltic pump-controlled perifusion setup.
Patch-clamp experiments
For the recordings, an EPC-9 patch-clamp amplifier (HEKA, Lambrecht/ Pfaltz, Germany) was used. Data was filtered by a Bessel filter set at 12.9 kHz. Electrical activity was monitored using a digital chart recorder (PowerLab/4sp, ADInstruments, Castle Hill, Australia). Data was stored on videotapes using a VR-10B digital data recorder (InstruTECH, New York, NY, USA) in combination with a video cassette recorder (JVC, Tokyo, Japan), which made it possible to replay the recordings and to sample individual spikes with frequencies of up to 47.2 kHz. Patch pipettes with a resistance between 4 and 8 MV were pulled from Wiretrol II glass capillaries (Drummond Scientific Company, Broomall PA, USA) using a Narishige PP-83 pipette puller (Narishige Scientific Instrument Laboratories, Tokyo, Japan). The cells were superfused alternately with Ringer's and a test compound (4r10 x6 M sauvagine or 2 mM 8-Br-cAMP (Sigma) in Ringer's solution), using an 8-channel valve (Hamilton, Bonaduz, Switzerland). The superfused solution was applied by a small tube placed at a distance of 2-3 mm from the cells. In this way mechanical effects on the cells due to imposing fluid flow were prevented.
Whole-cell voltage-clamp K + and Ca 2+ currents were measured in the whole-cell voltage-clamp configuration. Voltage steps from a holding potential of x80 mV to 10 mV were applied with a duration of 250 ms (Ca 2+ ) or 400 ms (K + ) and a time interval of 10 s. Records were corrected for leak (P/N=4). Series resistances were 14t6 MV and membrane capacitances 9t2 pF (meantSD). To selectively record K + currents, the intracellular solution consisted of 100 mM KCl, 2 mM CaCl 2 , 1.8 mM MgCl 2 , 0.2 mM MgATP, 10 mM EGTA, 10 mM HEPES (pH set to 7.4 with KOH) and the extracellular solution of 112 mM Na Cl, 2 mM KCl, 2 mM CoCl 2 , 15 mM HEPES, 10 mM glucose and 1 TTX (pH set to 7.4 with NaOH). For selective Ca 2+ current recordings, these solutions were 100 mM CsCl, 2 mM CaCl 2 , 10 mM EGTA, 2 mM MgATP and 10 mM HEPES (pH set to 7.3 with CsOH), and 10 mM CaCl 2 , 15 mM HEPES, 90 mM TEACl and 2 mM MgCl 2 (pH set to 7.4 with TEAOH), respectively.
Whole-cell current-clamp
Spontaneous electrical activity of the membrane potential was measured in the whole-cell current-clamp patch configuration with the injected current clamped to zero. Pipettes were filled with intracellular solution (100 mM KCl, 1 mM CaCl 2 , 2 mM MgCl 2 , 1 mM EGTA and 10 mM HEPES (pH set to 7.4 with KOH). The bath contained Xenopus Ringer's solution.
Cell-attached-patch action current recording
Electrical activity was recorded in the cell-attached-patch (CAP) voltageclamp mode at zero pipette potential, as described previously (3). This configuration has two distinct advantages for the study of spontaneous firing activity, namely an absence of transmembrane leaks and the maintenance of the cytoplasmic composition. In this configuration, the measured current (I CAP ) is the sum of the capacitive current (I C =C CAP dV/dt, where C CAP is the capacitance of the patch, and V the membrane potential) through the patch and the gated current through the channels (I ch ) that are present in the patch (26, 27) . Action potentials cause biphasic current events (action currents) in the cell-attached patch. This biphasic shape is mainly due to the capacitive current, which is shaped as the first derivative of the action potential. All cellattached-patch recordings were made with a seal resistance of 80 MV and at a pipette potential of 0 mV. Bath and pipettes were filled with Xenopus Ringer's solution.
Data analysis
Intracellular calcium measurements
Analysis of the ratio values of the Ca
2+ imaging experiments was performed off-line using Origin 6.1 (Microcal, Northampton, MA, USA). Oscillation frequency and Ca 2+ step parameters were analysed according to Scheenen et al. (1) and Koopman et al. (2, 12, 25) , respectively. All data were tested for significance with a paired Student's t-test, with a =5%, using Statistica 99 (StatSoft Inc., Tulsa, OK, USA).
Whole-cell voltage-clamp
Whole-cell voltage-clamp data was analysed by calculating two variables from the current response upon a voltage step: the peak current (maximal amplitude of the evoked current between 1% and 12% of the pulse time) and the sustained current (average of values of the evoked current between 94% and 99% of the pulse time). These variables were corrected for drift due to rundown of the currents. A linear function (y=art+b) was fitted through the control segments before and after the sauvagine segment, and the variables were multiplied with the inverse of this function times the y-axis intersect [b/(b+art)]. For each superfusion segment, an average value for peak and for sustained current was calculated, taking into account a wash-in and wash-out time of 100 s for sauvagine.
Cell-attached-patch action current recording
Action current (spike) frequency under different situations (Ringer's, sauvagine, 8-Br-cAMP) was determined taking into account a wash-in time of 45 s and a wash-out time of 90 s. The results were normalized with respect to the control segment under Ringer's. Data of cells that showed a clear response of the electrical activity to sauvagine were analysed at a sampling time resolution of 20 kHz. Action currents were selected and the background current per spike was determined by averaging the signal between 100 and 50 ms before the positive peak of the spike. Four parameters were calculated to characterize the shape of the action current: (i) amplitude of the positive peak (positive peak minus background current); (ii) bump value (average of the current between 35% and 65% of the time interval between positive and negative peak, minus background current); (iii) amplitude of negative peak (negative peak minus background current); and (iv) action current width (time between positive and negative peak).
Statistical analysis
To test for statistical significant effects, a (paired) Student's t-test was used. For all electrophysiological experiments, analysis software was developed in Matlab 5.3 (Math Works Inc., Natick, MA, USA).
Results
Intracellular calcium imaging
We determined the responses in intracellular Ca 2+ oscillations of melanotrope cells upon adding various concentrations of sauvagine. We have reported that the oscillation frequency remains constant during periods up to 30 min (10) . Moreover, it was demonstrated that sauvagine increases the oscillation frequency (28). Our current experiments, which have a higher temporal resolution up to video speed, reveal heterogeneity in responses, both for the concentration of sauvagine at which the cells responded, and for the type of response observed (Fig. 1) . At the lowest concentration of 10 x9 M, approximately one-half of the cells (five out of 11) responded (Table 1) . Of these cells, four showed an increase in oscillation frequency (e.g. Fig. 1A ), whereas one cell showed a slight broadening of the Ca 2+ oscillations (not shown). At an intermediate sauvagine concentration (10 x8 M), 75% of the cells (18 out of 24) responded to sauvagine: in 16.7% of the cells that were initially nonoscillating, oscillations were induced (Fig. 1B) ; in 12.5% of the cells, the frequency of the oscillations increased (Fig. 1C) ; whereas in 45.8% of the cells, broader oscillations were induced (Fig. 1D) . At a sauvagine concentration of 4r10 x8 M, 92.5% of the cells responded (11 out of 12), the vast majority with a broadening of the oscillations (Fig. 1E) , whereas in one cell, a frequency increase was observed (not shown). A similar broadening of the Ca 2+ oscillations was observed when the highest tested concentration sauvagine of 4r10 x6 M was added ( Fig. 1F ) (n=5). We subsequently quantified the following parameters of the Ca 2+ steps that underlie the Ca 2+ oscillations (25): step amplitude (sa), step interval (Dt), number of steps per oscillation (steps/osc) and the decline time constant (t) at the end of an oscillation, fitted by a mono-exponential curve (Fig. 2B ). Previous studies (3, 25) showed that, under control conditions, the variability of these parameters within a single cell is small, implying a relatively stable spontaneous oscillation behaviour.
The cell shown in Fig. 2 (A) responded to 10 x8 M sauvagine with a broadening of the oscillations. In this cell, we observed a 17% decline in sa upon sauvagine application (P<0.05), a 136% increase in steps/osc (P<0.05) and a 15% increase in t (P<0.05). Analysing these parameters for all cells that responded with a broadening of the oscillations following 10 x8 M sauvagine application (n=13, Fig. 2C ) demonstrated a large intercellular variability for t: an increase was observed in three cells, t decreased in five cells and no change was observed in 5 cells. The parameters sa and steps/osc showed significant changes in all cells: sa was reduced following sauvagine treatment by 11.2t1.2% (P<0.05) whereas steps/osc was increased by 65.7t9.2% (P<0.01). Therefore, the broadening of the oscillations is caused by an increase in the number of steps per oscillation and not by an increase in the time between steps.
Patch-clamp experiments
Spontaneous Ca 2+ oscillations in Xenopus melanotropes are driven by electrical activity of the plasma membrane (3). To investigate whether and how sauvagine acts on the Ca 2+ oscillations by affecting this activity, different types of patch-clamp experiments were performed.
Effect of sauvagine on Ca 2+ and K + currents in whole-cell
voltage-clamp
The stimulatory action of sauvagine on the intracellular calcium oscillations could be due to a stimulatory effect of this secretagogue on action potential firing (e.g. by potentiating Ca 2+ currents, and/or by depressing K + currents). Therefore, whole-cell voltage-clamp studies were performed to test the effect of sauvagine on these currents. The results of these experiments for both Ca 2+ and K + currents are shown in Fig. 3(A,B) . The left panels are examples of recordings of peak (1, open circle) and sustained (2, closed circle) currents, corrected for leak and rundown. The insets indicate the current responses to voltage steps from x80 mV to +10 mV (with durations of 250 ms and 400 ms for Ca 2+ and K + , respectively) and the definition of peak and sustained currents. Sauvagine (4r10 x6 M) has no effect on Ca 2+ peak (1) and sustained (2) current (Fig. 3A, right panels) . The average control peak current of all cells (n=9) was x363t50 pA (SEM), x366t44 pA (SEM) in the presence of sauvagine and x353t50 pA (SEM) after wash-out of sauvagine. For the sustained current, these values were x264t38 pA (SEM), x261t35 pA (SEM) and x247t37 pA (SEM), respectively.
In the right panels of Fig. 3(B) , a small but significant inhibiting effect of sauvagine on both K + peak (1) and sustained (2) currents is shown. The average peak current of all cells (n=8) decreased from 542t67 pA to 521t67 pA (P<0.01) after superfusion of sauvagine and recovered again to 544t67 pA (P<0.01) after washout of sauvagine. The sustained current values were 315t39 pA, 292t35 pA (P<0.01), and 314t37 pA (P<0.001), respectively. The general conclusion of these melanotrope whole-cell current experiments is that neither the activation nor inactivation process of the Ca 2+ channels is affected, whereas both processes are slightly affected with respect to the K + channels.
Effect of sauvagine on action potential firing in whole-cell current-clamp Considering the small effect of sauvagine on K + currents and the absence of an effect on Ca 2+ currents, it could be that the whole-cell configuration disturbs the intracellular signalling pathways of sauvagine. To test for such a whole-cell induced artifact, whole-cell current-clamp experiments monitoring action potentials were performed (n=11). We observed various patterns of electrical activity that differed both within a cell and among cells. The most commonly observed patterns consist of high-frequency tonic firing (Fig. 4A) or of bursts of high-frequency action potentials (Fig. 4B) .
In four out of 11 cells sauvagine (4r10 x6 M) did not induce a change in electrical activity (Fig. 4A) . In six cells, an increase in activity in the form of burst spiking was observed (Fig. 4B ), while one cell showed an increased firing frequency. In five cells, the activity was reduced after washout of sauvagine (Fig. 4B) but none of these cells returned to the firing pattern as observed before sauvagine treatment. In four cells, spontaneous electrical activity disappeared after wash-out of sauvagine.
Enlargements of segments of the different patterns are presented in Fig. 4(C) . The following patterns were distinguished: (i) continuous firing of action potentials (1-2 Hz) with strong afterhyperpolarization to x60 mV (continuous spiking, n=3); (ii) firing of single action potentials (0.5-2 Hz) on top of a slow oscillating wave (single spiking, n=6); (iii) firing of multiple high-frequency action potentials (4 -10 Hz) from a plateau (burst spiking, n=8); and (iv) slow oscillations (subthreshold oscillations, n=4). In one of the 11 cells, broad depolarizations ('plateau potentials', (v), not shown) were observed during sauvagine treatment. Patterns (i), (ii) and (iii) were seen under both control and sauvagine conditions. Pattern (iv) was only observed under control conditions. Patterns (iii) to (v) do not correspond to any of the typical Ca 2+ step patterns that occur in oscillating Xenopus , respectively) and the definition of peak (1) and sustained (2) currents. Left panels show typical recordings of peak and sustained currents. Right panels show statistical results for (1) peak and (2) sustained currents (n=9 for Ca 2+ currents, n=8 for K + currents) (**P<0.01, ***P<0.001).
melanotropes (3). We did not observe bursts consisting of 3-10 spikes with an interspike interval of approximately 1 s (clustered spiking), which were expected based on the general Ca 2+ oscillation patterns and cell-attached patch recordings performed previously (3).
In conclusion, no consistent effect of sauvagine could be determined on the membrane-potential activity, measured in the whole-cell current-clamp configuration. Moreover, in this configuration, various patterns of electrical activity were observed that did not correspond to the general Ca 2+ step patterns of oscillating Xenopus melanotropes cells.
Effect of sauvagine and 8-Br-cAMP on action current firing in the cell-attached-patch mode The absence of consistent effects of sauvagine on action potential firing might be due to the fact that the used wholecell configuration causes wash-out of intracellular components which may be necessary to maintain action potential bursting. To avoid such possible artifacts, the less invasive cell-attached-patch technique was used to measure the effect of sauvagine on spontaneous firing of the melanotrope cell as seen as action currents in the patch. In this configuration, the cell membrane remains intact, which prevents disturbance of the cytoplasm.
To determine the variability in the spontaneous firing of the melanotrope cells in the cell-attached-patch mode and to establish the reliability of the superfusion procedure, we performed control experiments (n=8) with Xenopus Ringer's solution. A representative example is presented in Fig. 5(A) . The horizontal bars indicate the superfusion segments minus the initial wash-in and wash-out times, used to determine the number of spikes per 100 s. Figure 5 (3) where low-frequency bursting firing corresponds to oscillations of a few steps and continuous spiking corresponds to long plateaus consisting of many steps. Despite this large variability, the results in Fig. 5(C) show that the superfusion procedure does not affect the spontaneous firing of the cells. The mean action current spike frequency normalized to the first segment for all cells measured (n=8) was 100t22% for segment 1, 90t24% for segment 2 and 88t19% for segment 3.
The effect of 4r10 x6 M sauvagine on the electrical activity in the cell-attached-patch under voltage-clamp at zero pipette potential was tested in 21 cells. Figure 6 (A) is a typical recording of action currents measured during such experiments. The vertical grey bar indicates application of sauvagine. In the first superfusion segment, the cell spontaneously fires action currents. Upon adding sauvagine in the second segment, an increase in the firing frequency is observed after 20 s. After switching back to Xenopus Ringer's solution in the third segment, the cell returns to low frequency firing in a bursting manner after 100 s. In Fig. 6(B) , the spikes of the recording shown in Fig. 6 (A) are binned in 20 s intervals. The effect of sauvagine is clearly visible as a three-fold increase in the number of spikes per bin. The results for all 21 cells are shown in Fig. 5(D) . As in the control experiments, different cells showed a large variability in firing pattern and frequency. Nevertheless, sauvagine clearly increases the mean spontaneous action current firing normalized to segment 1 from 100t15% to 178t25% (P<0.01). The effect is reversible as spiking decreases to 68t14 (P<0.001) after wash-out of sauvagine.
In previous studies, it was demonstrated that sauvagine increases the frequency of Ca 2+ oscillations through a cAMP/PKA-dependent mechanism (22) . Therefore, we tested the effect of 2 mM 8-Br-cAMP on electrical activity (n=5). After switching to 8-Br-cAMP, the action current firing sharply increased from 100t22% to 219t20% (Fig. 5E ) (P<0.01). This effect was not reversible because switching back to Ringer's yielded a mean of 225t57%.
In conclusion, both sauvagine and 8-Br-cAMP increase action current firing as measured in the cell-attached patch mode. This effect only is reversible for sauvagine.
Effect of sauvagine on the action current shape Changes in action potential firing, caused by changes in the electrical properties of the membrane (e.g. changes in channel activation) imply changes in the shape of the action current (I CAP ) recorded in the cell-attached patch mode. First, the gated current through the channels in the patch (I ch ) can be changed and, second, the capacitive current of the patch (I C ) can be changed due to a different shape of the underlying action potential. To see whether the action current shapes were affected by sauvagine, two cells were studied in which the action current frequency showed a strong increase upon sauvagine addition. Figure 6(C) shows three examples of spikes sampled with a 0.05-ms time resolution from the three segments in the trace in Fig. 6(A) . The action current taken from the sauvagine segment differs from the action currents taken from the control segments. It does not reveal the bump that is present in the control spikes between the positive peak and negative peak and it is wider. Four parameters that characterize the action current shape are indicated in spike I of Fig. 6(C) : (i) amplitude of the positive peak; (ii) bump value; (iii) amplitude of negative peak; and (iv) action current width. In Fig. 6(D,E) , these parameters are shown as a function of time. A clear effect is visible on the positive peak, negative peak, bump value and action current width. Statistical results for both cells were similar and are shown in Table 2 . The positive peak was reduced by sauvagine by 15-30% and recovered under Ringer's to 99-108% of the original amplitude under control conditions. The negative peak was increased by 24 -30% to more negative values under sauvagine and remained at 121-126% under subsequent Ringer's application. The bump value decreased by 90-98% under sauvagine and recovered under Ringer's solution to 49-60% of the bump value under control conditions. Finally, the spike width increased with 30-40% under sauvagine and recovered under Ringer's to 104-120% of the original width. All these changes are statistically significant.
Thus, there is a sauvagine-induced increase in melanotrope spike frequency associated with changes in the shape of the action currents, measured via the cell-attached-patch technique.
Discussion
Effect of sauvagine on calcium oscillation patterns and step kinetics
In this study, we tested the hypothesis that neural messengers modulate Ca 2+ oscillation patterns and Ca 2+ step kinetics in Xenopus melanotrope cells. It was previously shown that the secretagogue sauvagine increases the frequency of Ca 2+ oscillations in Xenopus melanotrope cells (4, 28) . Using high temporal resolution confocal laser scanning microscopy and digital imaging microscopy, we now show that sauvagine is capable of inducing an additional response, namely broadening the oscillations by inducing more Ca 2+ steps per oscillation. This response is cell-and dose-dependent, with low concentrations of sauvagine predominantly increasing the frequency of the oscillations and high concentrations leading to a broadening of the oscillations. At a moderate sauvagine concentration (10 x8 M), both responses were observed. When the sauvagine concentration was maximal (4r10 x6 M), only a broadening of the Ca 2+ response was seen with an increase in the number of steps, without affecting the time interval between steps. The ability of sauvagine to induce different intracellular responses may allow this neuropeptide to orchestrate different cellular responses. For example, it is known that sauvagine not only stimulates the secretion of a-MSH from the Xenopus melanotrope cell (18) , but also induces the expression of the precursor protein proopiomelanocortin (23) . We speculate that an increase in oscillation frequency only leads to an increase in secretion, whereas broadening of oscillations stimulates both proopiomelanocortin (POMC) gene expression and a-MSH secretion.
Previous studies have shown that several Ca 2+ steps build up Ca 2+ oscillations in Xenopus melanotropes (1) (2) (3) . In theory, the shape of Ca 2+ oscillations could be changed by changing the amplitude of each step, the time interval between steps and the number of steps in each oscillation, or by changing the speed with which Ca 2+ is extruded from the cell as [Ca 2+ ] i returns to its basal value. Based on our results, we conclude that sauvagine can change the shape of an oscillation by influencing the number of steps in an oscillation. We have recently demonstrated that increasing the Ca 2+ buffering capacity in the Xenopus melanotrope leads to broader oscillations as a consequence of the oscillations having more steps, more time between steps and slower Ca 2+ extrusion kinetics (12) . The fact that sauvagine does not reduce the Ca 2+ extrusion kinetics in a consistent way argues against an effect of this secretagogue on Ca 2+ buffering mechanisms. A possible target of sauvagine would be the electrical membrane activity, because we have previously shown that the steps are likely driven by the action of a plasma membrane potential oscillator (22) that probably consists of Ca 2+ , Na + , K + and 'leak' channels (29) . Therefore, the effect of sauvagine on whole-cell Ca 2+ and K + currents and action potential firing was investigated using whole-cell and cell-attached patch-clamp configurations, respectively.
Effect of sauvagine on Ca 2+ and K + currents in the whole-cell voltage-clamp mode
The stimulatory action of sauvagine on the Ca 2+ oscillations may be due to stimulation of Ca 2+ currents, inhibition of K + currents and/or stimulation of Na + channels. In our experiments on Ca 2+ and K + currents, only a small, but consistent inhibition on K + currents was observed. These results suggest that either sauvagine does not act primarily via Ca 2+ or K + currents, but that it acts on other membrane ion channels, such as Na + currents, or that it affects the electrical currents through a soluble factor, which could be lost in the whole-cell configuration. cAMP is a likely candidate for a soluble factor, because it was demonstrated that sauvagine stimulates the Xenopus melanotropes by activating adenylyl cyclase (18) (19) (20) (21) (22) . This is in agreement with the observation that CRH regulates the Ca 2+ signalling in corticotropes via the adenylyl cyclase/cAMP pathway, subsequently affecting K + and Ca 2+ currents (30) (31) (32) (33) (34) . The fact that no effect on Ca 2+ currents was observed in our studies indicates that the effect of CRH or CRH homologues might be cell-specific.
Effect of sauvagine on action potential firing
The idea that a soluble factor, such as cAMP, is lost during the whole-cell patch-clamp mode is strengthened by two observations in our whole-cell current-clamp experiments. First, in these experiments, a broad repertoire of spiking patterns was observed. However, comparison between the results of the Ca 2+ imaging studies and the whole-cell current clamp experiments shows that the frequency of the action potentials during bursting observed under whole-cell patch-clamp conditions, although qualitatively similar, is one order of magnitude higher than the frequency of the Ca 2+ steps during Ca 2+ oscillations. This is in contrast with our previous demonstration that a one-to-one correlation between electrical membrane bursting and Ca 2+ steps exists, the former being measured in the cell-attached patch-clamp configuration (3). Second, although in general a slight increase in electrical activity under sauvagine was observed, this effect is not reversible. The observation that this electrical activity tends to progress from spiking to plateau bursting after superfusion of sauvagine might be explained by an inhibition of a slow K + current that is involved in the bursting mechanism. If such a current is inhibited, bursts become longer and the frequency of the spikes in the burst increases. However, also under sauvagine-stimulated conditions, the bursting firing patterns did not correspond to the frequencies observed during Ca 2+ imaging experiments. These observations led us to record the electrical activity of the melanotropes in a less invasive way. Since the Xenopus melanotropes do not display electrical membrane bursting, but only continuous spiking using the perforated patch technique (35), we performed cell-attachedpatch voltage-clamp experiments (3) . Such experiments demonstrated a large intercellular variability in the spontaneous electrical activity as well as in the response of the electrical activity to sauvagine. The large variability in the response to sauvagine is in agreement with the heterogeneity observed in Ca 2+ responses to sauvagine. Our observation that cAMP stimulates the action current frequency confirms earlier studies (22) showing that sauvagine acts by stimulating adenylyl cyclase and is unable to induce Ca 2+ oscillations when these are inhibited by the PKA inhibitor H-89. The long-lasting effect of 8-Br-cAMP may be due to its slow intracellular breakdown.
Effect of sauvagine on action current kinetics
Analysis of several characteristics of the action currents in two cells that responded strongly to sauvagine indicates that action current shapes are affected. The increase in width of the action current implies that action potentials last longer in the presence of sauvagine. Moreover, the amplitude of the positive and negative peak as well as the bump values are also affected in the two cells analysed. A decrease in the positive peak amplitude would imply a decreased rise-speed of the action potential. Preliminary experiments indicate that the bump current is an ion channel-induced current caused by opening of individual channels in the patched membrane (L.N. Cornelisse, unpublished observation). Considering the positive sign of the bump, it most likely comprises an outward K + current. A decrease in the amplitude of the bump current would then reflect an inhibition of K + current. This could explain the delayed repolarization of the action potential causing the longer lasting action potentials as reflected by the wider action currents under sauvagine. Moreover, the inhibition of the K + current could result in a more depolarized membrane potential leading to an increase of action potential firing by sauvagine. Several classes of K + currents have been implemented in the maintenance of the membrane potential. For example, in rat corticotropes, inwardly rectifying K + currents are shown to be affected by CRH, leading to a subsequent membrane depolarization (32) .
In conclusion, we show that sauvagine, besides affecting the frequency of Ca 2+ oscillations in Xenopus melanotropes, can also affect the shape of the oscillations and therefore the pattern of Ca 2+ signalling. Moreover, we demonstrate that sauvagine acts on the electrical activity in a similar way to its effect on Ca 2+ oscillations. The mechanism involves the cAMP pathway and presumably reduces K + currents, thereby diminishing the hyperpolarizing capacity of the cell upon a burst of action potentials. The physiological consequences of these phenomena to melanotrope cell functioning with respect to secretion and POMC gene expression are currently under investigation.
